The performances of two-stage compression CO 2 transcritical cycle with R290 mechanical subcooling unit are analyzed. The overall COP variation with the compressor discharge pressure and the subcooling degree are discussed in detail. With the increase in subcooling degree and compressor discharge pressure, the COPs of the SMS, OTLMS, OTHMS, TTLMS, and TTHMS system increase first and then decrease. Under the working condition of optimal discharge pressure and optimal subcooling degree, TTHMS shows obvious advantage in COP over the system with no subcooling under the same working condition. When the evaporation temperature is -30 °C, COP of TTHMS is improved by 22.35%. When the ambient temperature is 40 °C, COP of TTHMS is 1.51 higher than that without mechanical subcooling. The COP of SMS system reaches up to 4.26, which is 22.19% higher than that of OTHMS at the evaporation temperature of 10 °C. At an ambient temperature of 35 °C, the COP of TTHMS is 2.15, which is 64.82% higher than that of OTHMS. The power consumption ratio of SMS is significantly higher than those of other systems and the highest power consumption ratio is 29.98%.
Nomenclature

Introduction
Due to the non-toxic and non-flammable properties of carbon dioxide (CO 2 or R744), CO 2 refrigeration technology has occupied a certain position in the food industry and civil construction air conditioners. And CO 2 is also regarded as the most promising refrigerant [1] [2] [3] . The environmental characteristics of zero ozone depletion potential (ODP) and the extremely low global warming potential (GWP) make R290 attract worldwide attention [4] . The adoption of R290 also helps reduce the potentiality of ozone depletion and global warming [5] .
The latest statistics from Shecco [6] [7] [8] [9] , which is dedicated to the application of natural refrigerants, showed that more than 10,000 supermarkets or convenience stores around the world have adopted transcritical CO 2 systems, 80% of which are concentrated in Europe. Some scholars [10, 11] have proposed the concept of dedicated mechanical subcooling (MS). The dedicated MS is to cool the refrigerant at the outlet of the main circulating
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Pottker and Hrnjak [12] analyzed the subcritical CO 2 subcooling cycle and the results showed that the cycle efficiency can be increased by 12%. She [13] proposed to set up the expander in the CO 2 main cycle, and the output expansion power drives the auxiliary cycle compressor to supercool the CO 2 . The results show that the coefficient of performance (COP) increased by 49.2%. Dai et al. [14, 15] studied the energetic performance of transcritical CO 2 refrigeration cycles with MS. The result indicate that the thermal performance of the overall cycle can be enhanced more significantly for hot and warm climate regions, or relative low evaporation temperature applications.
Llopis [16] [17] [18] conducted a thermodynamic performance analysis of the CO 2 transcritical mechanical subcooling cycle, synthesized the current state of the art and pointed out the lines of research that deserve future developments. The MS cycle requires an auxiliary refrigeration cycle, which increases the cost. But the capacity of the auxiliary refrigeration cycle is significantly smaller than that of the main cycle [19] . Qureshi and Zubair [20] believe that the length of the investment return period depends on the capacity of the refrigeration system. For systems with a cooling capacity more than 100 kW, the payback period for the auxiliary cycle is less than 3 years.
Among the currently published articles, most of them are single-stage compression MS cycles, while there are few studies on two-stage compression MS cycles. In this paper, the performances of five MS cycles are studied, which can provide theoretical support for the performance improvement of CO 2 transcritical refrigeration cycle.
Model and discussion
Model development
The CO 2 at the gas cooler outlet can be cooled by a small scale auxiliary cycle, which is easy to implement. Moreover, the temperature can be reduced below the ambient temperature, which can significantly decrease the irreversible loss during high-pressure CO 2 throttling procedure. A system diagram of a single-stage compression mechanical subcooling cycle (SMS) is shown in Fig. 1(a) . 1-2-3-3"-4-1 is the main cycle, and CO 2 is employed as refrigerat. 1′-2′-3′-4′-1′ is the MS cycle using R290 as refrigerant. Fig. 1(b) and Fig. 1(c) are first-stage throttling incomplete cooling two-stage compression with low-pressure mechanical subcooling cycle (OTLMS) and high-pressure mechanical subcooling cycle (OTHMS), respectively. 1-2-3-4-5-6-7-8-9-10-1 is the main cycle. 1′-2′-3′-4′-1′ is the MS cycle. Fig. 1(d) and Fig. 1 (1) The cycles operate at steady state; (2) For the cycle, the CO 2 temperature at the outlet of the condenser is 5 °C higher than the ambient temperature;
(3) The subcoolers are counter-flow heat exchangers, and the pinch point temperature difference is fixed at 5 °C. The heat balance relationship of the gas cooler in the OTLMS and OTHMS system is calculated as:
The heat balance relationship of the gas mixing process is:
The heat balance relationship of the gas cooler in the TTLMS and TTHMS system is calculated as:
The heat balance relationship of the gas mixing process is: The coefficient of performance for single-stage compression system is calculated as:
The coefficient of performance for two-stage compression system is calculated as: 
The power consumption ratio is defined as:
Results and discussion
When the ambient temperature (T A ) is 30 °C and the evaporation temperature (T E ) is -10 °C, the COPs variation with discharge pressure and subcooling degree are analyzed. Fig.2 (a) illustrates that the overall COP firstly increases sharply and then decreases gradually both with the discharge pressure and subcooling degree. This is because the cooling capacity (Q) and the compressor energy consumption (W) increases with the discharge pressure and subcooling degree, but Q increases more slowly than W. Consequently, a maximum COP is obtained. For SMS cycle, the maximum COP is obtained with the value of 2.37 at the discharge pressure of 8.3 MPa and subcooling degree of 19 °C . This is attributed the S-shaped variation of the isotherm in supercritical zone when the gas cooler outlet temperature is fixed[2121] and the compression process, therefore, there is an optimal discharge pressure. Figure 3 .The optimal discharge pressure variation with the evaporation temperature It can be seen from Fig. 3 that the optimum high pressure of the five refrigeration systems is 8-9 MPa. This is because when the pressure is high, the energy consumption of the main cycle increases dramatically with the discharge pressure. However, the cooling capacity increases gradually when the pressure is above 10 MPa. It results in a faster decline in COP. When the ambient temperature is 30 °C , the isotherm in the p-h diagram varies significantly with a S-shape at 8-9 MPa in the supercritical zone. The pressure has a great influence on the cooling capacity for these cases, so the cooling capacity increases rapidly. As can be seen from the figure, the optimal pressure of the SMS system and the TTHMS system is low.
It can be noted from Fig. 4 that the cooling capacity (Q) and compressor energy consumption (W) increase with the subcooling degree. Q increases slowly while W increases fast. For both single-stage and two-stage compression system, the compressor power consumption of the MS cycle increases with the Paper ID: ICEEE2018-217
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Copyright © by ICEEE subcooling degree. Consequently, an optimum subcooling degree is obtained leading to the maximum COP. Therefore, the following discussions are based on the working conditions of optimum discharge pressure and subcooling degree for their cycles in the study. Figure 5 .Optimal subcooling degree variation with the evaporation temperature Figure 5 shows the optimal subcooling degree variation of the system with evaporation temperature. As shown in the figure, except TTLMS system, the optimal subcooling degree of the other four systems decreases as the evaporation temperature increases. As the evaporation temperature decreases, the main cycle compressor consumes more power. The optimal COP is reduced as follow. The power consumption of the auxiliary cycle also increases with the increase of the subcooling degree, but the increase is small. The system cooling capacity increases greatly, so a larger COP can be obtained. Therefore, the optimum subcooling degree increases as the evaporation temperature decreases.
As shown in Fig. 6 , the COP varied with evaporation temperature of OTLMS system, OTHMS system, TTLMS system and TTHMS system are compared with that of non-MS system. It can be concluded that the COP of the system increases with the evaporation temperature. Taking Fig. (a) as an example, the COP of OTLMS system is obviously higher than that of non-MS system. OTLMS system operates with a COP growth rate of up to 25.58%. The COP of non-MS system are relatively high under the corresponding conditions for the OTHMS system. Therefore, the growth of COP is not obvious. For Fig. (b) , the TTHMS system runs with a COP growth rate of up to 22.35%.
The COP growth of the MS system and the corresponding non-MS system in the same conditions are shown in Fig. 7 , the COP variation with the ambient temperature for OTLMS system, OTHMS system, TTLMS system and TTHMS system are compared with that of non-MS system. It can be concluded that the COP of the system decreases with the ambient temperature. For instance, the COP of the MS system shown in Figure (a) is obviously higher than that of the non-MS system, and the change trend is the same. Compared with the TTHMS system in Figure (b) , the influence of ambient temperature on COP is very small when the environment is 10-25 °C. When the ambient temperature exceeds 25 °C, the COP of the non-MS system is low and decrease rapidly. The reason is that the power consumption of the main cycle increases rapidly and the refrigeration capacity decreases when the ambient temperature exceeds 25 °C. As shown in the figure, the advantages of the MS system are more outstanding at a higher the ambient temperature. The COP of TTHMS system is 1.51 higher than that of the non-MS system when the ambient temperature is 40 °C. Figs. 8 and 9 show the COPs variation with the evaporation temperature and ambient temperature at the optimum discharge pressure, respectively. When the ambient temperature is 30 °C, the COP of the OTHMS system is the lowest in the five refrigeration systems, while the COP of the SMS and TTHMS systems is superior. When the evaporation temperature is -6 °C, the COPs of the two refrigeration systems are basically the same. When the evaporation temperature is lower than -6 °C, the COP of the Paper ID: ICEEE2018-217
5
Copyright © by ICEEE TTHMS system is higher. In contrast, the COP of the SMS system is higher when the evaporation temperature is higher than -6 °C . The COP of the TTHMS system is 1.62 at evaporation temperature of -30 °C, which was 30.87% higher than that of the OTHMS system. At the evaporation temperature of 10°C, the COP of the SMS system is as high as 4.26, which was 22.19% higher than the OTHMS system. When the ambient temperature is higher than 27 °C, the TTHMS system COP is higher than the SMS system. The COP decreases rapidly as the ambient temperature increases from 30 °C to 35 °C . This is because when the ambient temperature is higher than 30 °C, W increases faster than Q. At ambient temperature of 10 °C, COP of the SMS system is 3.15, which is 12.59% higher than the OTHMS system. The COP of the TTHMS system is 2.15 at an ambient temperature of 35 °C, which is 64.82% higher than that of the OTHMS system. Fig. 10 shows the power consumption ratio of the MS cycle with the changing of evaporation temperature. As shown, the five refrigeration systems show the same variation tendency. The consumption ratio increases with the increasing of evaporation temperature. When the ambient temperature is constant, the pressure ratio of the compressor decreases with evaporation temperature. The power consumption of the main cycle and the MS cycle gradually decreases with evaporation temperature. While the power consumption of MS cycle declined smaller than that of the main cycle. So the power consumption ratio of the MS cycle increases. And the highest power consumption ratio is SMS system with the value of 29.98%. Fig. 11 shows the power consumption ratio of MS cycle with the changing of ambient temperature. The power consumption ratio increases gradually with the ambient temperature. For SMS system, the main cycle power basically remain unchanged with the increasing of ambient temperature when the evaporation temperature and pressure are constant. And the power consumption of the MS cycle increases with the pressure ratio of the MS cycle. So the power consumption ratio of the MS cycle increases gradually. This is because the main cycle power consumption is basically unchanged, and the MS cycle increases gradually. Therefore, the proportion of MS cycle consumption increases and power consumption ratio is increasing rapidly. For two-stage compression system, the power consumptions of main and MS cycle increase with the ambient temperature. The power consumption of OTLMS and TTLMS systems increases dramatically when the ambient temperature is higher than 30 °C . It leads to a decrease in power consumption ratio. Figure 11 . Power consumption ratio consumption ratio variation with the variation with the evaporation temperature ambient temperature
Conclusion
The transcritical CO 2 refrigeration with mechanical subcooling (MS) using R290 as refrigeration is proposed in this study. The following conclusions are achieved:
(1) The COPs of the SMS, OTLMS, OTHMS, TTLMS, and TTHMS cycles are not only affected by the discharge pressure, but also related to the subcooling degree. The system COPs first increase and then decrease with the increase in discharge pressure and the subcooling degree. Thus, there is an optimum discharge pressure as well as an optimum subcooling degree.
(2) The system COP is gradually increased with the evaporation temperature and decreases with the ambient temperature. The COPs of the TTHMS system are significantly higher than that of the no subcooling system. When the evaporation temperature is -30 °C, COP of TTHMS is improved by 22.35%. When the ambient temperature is 40 °C, COP of TTHMS is 1.51 higher than that without mechanical subcooling.
(3) When the ambient temperature is 30 °C, the COPs of the SMS and TTHMS systems show more advantages over the other systems with the change of the evaporation temperature. The COP of the TTHMS system is 1.62 at the evaporation temperature of -30 °C, which was 30.87% higher than that of the OTHMS system. At an evaporation temperature of 10 °C, the COP of the SMS system reaches up to 4.26, which is 22.19% higher than that of the OTHMS system.
(4) Among the five subcooling systems, the power consumption ratio of the SMS system is significantly higher than other systems. The highest power consumption ratio is 29.98%.
